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Abstract
For the first time, results of all four existing stratospheric BrO profiling instruments, are
presented and compared with reference to the SLIMCAT 3-dimensional chemical trans-
port model (3-D CTM). Model calculations are used to infer a BrO profile validation set,
measured by 3 different balloon sensors, for the new Envisat/SCIAMACHY (ENVIron-5
ment SATellite/SCanning Imaging Absorption spectroMeter for Atmospheric CHartog-
raphY) satellite instrument. The balloon observations include (a) balloon-borne in situ
resonance fluorescence detection of BrO, (b) balloon-borne solar occultation DOAS
measurements (Differential Optical Absorption Spectroscopy) of BrO in the UV, and
(c) BrO profiling from the solar occultation SAOZ (Systeme d’Analyse par Observation10
Zenithale) balloon instrument. Since stratospheric BrO is subject to considerable diur-
nal variation and none of the measurements are performed close enough in time and
space for a direct comparison, all balloon observations are considered with reference
to outputs from the 3-D CTM. The referencing is performed by forward and backward air
mass trajectory calculations to match the balloon with the satellite observations. The15
diurnal variation of BrO is considered by 1-D photochemical model calculation along
the trajectories. The 1-D photochemical model is initialised with output data of the 3-D
model with additional constraints on the vertical transport, the total amount and photo-
chemistry of stratospheric bromine as given by the various balloon observations. Total
[Bry]=(20.1±2.8) pptv obtained from DOAS BrO observations at mid-latitudes in 2003,20
serves as an upper limit of the comparison. Most of the balloon observations agree
with the photochemical model predictions within their given error estimates. First re-
trieval exercises of BrO limb profiling from the SCIAMACHY satellite instrument agree
to <±50% with the photochemically-corrected balloon observations, and tend to show
less agreement below 20 km.25
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1. Introduction
Inorganic bromine (Bry=Br+BrO+BrONO2+BrOH+BrCl+ ...) is the second most im-
portant halogen affecting stratospheric ozone (WMO, 2003). Although much less abun-
dant than chlorine (see below), stratospheric bromine currently contributes about 25%
to global ozone loss due to its much larger ozone depletion efficiency (factor of 45)5
compared to chlorine. Recent measurements of CH3Br and man-made halons in the
air, sampled at ten remote sites across the globe, suggest that the bromine tied to
these organic bromine precursors peaked at about 17 pptv (parts per trillion by vol-
ume) around 1998 and since then has declined by 5%/year (Montzka et al., 2003).
In 5.6 year old stratospheric air, which was probed in early 1999, the total amount of10
organic Bry was measured at 18.4 (+1.8/−1.5) pptv and inorganic Bry was inferred
at 21.5±3 pptv (Pfeilsticker et al., 2000). This estimate of total stratospheric bromine
indicates possible contributions to stratospheric Bry from short-lived halogens such as
CHBr3 and CH2BrCl or due to transport of bromine bearing inorganic gases (BrO, HBr,
HOBr, ...) or bromine containing aerosols across the tropopause (WMO, 2003; Mur-15
phy et al., 1997; Salawitch et al., 2005). Furthermore, accounting for time lags due to
transport from the troposphere into the stratosphere and for photochemical destruction
of the organic precursor molecules, the surface bromo-organic measurements sug-
gest that stratospheric bromine is likely to have peaked around 2001 with Bry close to
20–21 pptv (WMO, 2003; Montzka et al., 2003; Dorf et al., unpublished results).20
During daylight the most abundant stratospheric bromine species is BrO, which ac-
counts for 60−70% of total Bry (Lary, 1996; Lary et al., 1996). Fortunately BrO is also
the most feasible inorganic bromine species for detection. Detection of atmospheric
BrO in the past relied on (1) resonance fluorescence of Br atoms formed by reaction
with excess NO added to the probed air (Brune et al., 1989), or (2) UV/visible spec-25
troscopy of either (2a) scattered skylight analysed from the ground, (2b) direct sunlight
observed from balloon payloads and (2c) backscattered skylight detected from space
(e.g. Fish et al., 1995; Harder et al., 1998; Wagner and Platt, 1998; Van Roozendael
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et al., 2002; Pundt et al., 2002). Since balloon-borne BrO profiling is by nature in-
frequent with respect to both spatial and temporal coverage, improved instrumenta-
tion was required to monitor atmospheric BrO more closely. This shortcoming is only
partially overcome by atmospheric BrO observations performed by the Global Ozone
Monitoring Experiment (GOME) which has routinely monitored global atmospheric BrO5
vertical columns since 1996.
The SCIAMACHY instrument on the European Envisat satellite provides the pos-
sibility of profiling BrO from space and receiving a global coverage within 3 days.
Envisat was launched into a sun-synchronous low earth orbit on 28 February 2002.
SCIAMACHY is a UV/visible/near-IR spectrometer, covering the wavelength range from10
220nm to 2380 nm at a moderate resolution of 0.2 nm–1.5 nm (FWHM). It measures
either direct sunlight during solar occultation, sunlight scattered by the moon during lu-
nar occultation or sunlight scattered by the Earth’s atmosphere in nadir or limb direction
(e.g. Bovensmann, 1999). In limb scattering mode, SCIAMACHY scans the Earth’s at-
mosphere vertically in steps of 3.3 km from the ground to about 100 km tangent height15
with a vertical field of view (FOV) at the tangent point of ∼2.8 km and a horizontal FOV
of ∼110 km. A horizontal scan is performed at each tangent height covering 960 km.
In order to exploit their full capacity, new satellite observations as performed by SCIA-
MACHY need to be validated by means of other established methods. In the case of
atmospheric BrO limb profiling, validation is quite a challenging task not only because20
atmospheric BrO concentrations are low (<2×107molecules/cm3) implying rather low
atmospheric BrO absorption in the UV (Optical Densities < several 10−3), but also
because BrO is subject to considerable diurnal variation. Validation thus requires ei-
ther perfect collocation of the validation observation with the satellite profiling (which in
practice is not possible, see below), or other methods to account properly for possible25
temporal or spatial mismatches between both sets of observations.
This paper reports on balloon-borne BrO profile measurements using different tech-
niques, performed within the scope of Envisat/SCIAMACHY validation, which were per-
formed for a wide range of geophysical conditions (high, mid and low latitudes during
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different seasons). For validation purposes these measurements were coordinated to
occur close to Envisat/SCIAMACHY overpasses. However, the large diurnal variation
of the BrO radical and, to a lesser extent, presumably small spatial gradients in total
stratospheric bromine (and thus BrO) prevent a direct comparison of the balloon-borne
and satellite limb measurements even if a perfect match of both observations i.e., in5
one altitude range at one time, could be achieved.
Moreover, since the different instruments for BrO validation cannot be employed si-
multaneously and have different sources of random and systematic errors, a direct
comparison of these established techniques is virtually impossible.
To overcome all these difficulties, this study uses the following approach: All balloon-10
borne BrO observations are considered with reference to simulations of the tried and
tested 3-D CTM (Chemical Transport Model) SLIMCAT (Chipperfield, 1999; Chipper-
field et al., 2005). If available, the referencing is achieved by comparing the model
data with measured dynamic parameters (such as source gas profiles of N2O, CH4, ...)
and photochemical parameters (profiles of O3, NO2, ...). In a second step, matching15
forward and backward air mass trajectories between the balloon and satellite observa-
tions are calculated (e.g. Lumpe et al., 2003; Reimer and Kaupp, 1997; Danilin et al.,
2002). A 1-D photochemical model is run along the air mass trajectories on different al-
titude levels. The 1-D model is initialised with output data of the 3-D model and further
constrained by measured dynamic and photochemical parameters. The total strato-20
spheric bromine, regularly obtained by one of the validation instruments (DOAS, see
below), is also constrained in the 3-D and 1-D models. Finally, based on the different
observations and dynamic and photochemical calculations, stratospheric BrO profiles
adequate for comparison with SCIAMACHY are calculated. For some test cases first
retrievals of SCIAMACHY BrO profiles are compared with these validation profiles.25
The paper is organised as follows; Sect. 2 briefly describes the techniques, meth-
ods and tools used to obtain the BrO profiles from the individual instruments and to
model the photochemical change along trajectories. Section 3 reports on the individual
measurements and comparisons with the SCIAMACHY BrO observations. Section 4
13016
ACPD
5, 13011–13052, 2005
Stratospheric BrO
profiles
M. Dorf et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Print Version
Interactive Discussion
EGU
is mostly devoted to describing further constraints of the 3-D model predictions as
given by the various observations. These findings are interpreted and discussed in
Sect. 5 with respect to inherent errors of each measurement technique. Section 6 con-
cludes the study and considers the lessons learned for future investigations using the
described methods.5
2. Methods
2.1. Balloon-borne BrO measurements
2.1.1. Resonance fluorescence BrO measurements
Stratospheric profiles of BrO were measured in situ using the well-established
chemical-conversion resonance fluorescence technique (Brune et al., 1989). Strato-10
spheric air is sucked through a rectangular duct by means of a Roots pump. The duct
consists of an air inlet, an NO injector, one chlorine and two bromine detection modules
stacked behind each other. NO is periodically injected into the air stream in order to
convert BrO molecules to bromine atoms in a fast chemical reaction. The atoms are
detected downstream by means of a resonance fluorescence arrangement working at15
131.8 nm and consisting of a vacuum UV emission lamp and photomultiplier in a rect-
angular configuration. The photomultiplier signal consists of a background signal, due
to Rayleigh and chamber scatter, and the Br resonance fluorescence signal when NO
is added. From the difference signal between NO on and off periods (10 s each) Br
atom concentrations can be derived employing a pressure dependent calibration. Lab-20
oratory calibrations are carried out before and after each flight using the fast chemical
titration of chlorine atoms by molecular bromine to ensure the accuracy of the measure-
ments (Brune et al., 1989; Toohey et al., 1990). In brief, a known amount of chlorine
atoms is titrated by bromine molecules forming an equivalent amount of bromine atoms
and BrCl molecules in a very fast and quantitative reaction. The chlorine atom concen-25
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tration is measured by vacuum UV absorption using the absorption cross section as
determined by Schwab and Anderson (1987). Measured Br atom concentrations are
converted into BrO initial concentrations by means of a kinetic model employing seven
relevant reactions generating and consuming Br atoms and measured temperatures
and pressures. In this model, reaction rates as recommended by Sander et al. (2003)5
and rates as determined from intercomparisons of the independent Br atom measure-
ments in modules B and C are used. Details are subject to a forthcoming publication.
The overall accuracy of the measurements generally is about 35% for BrO with a de-
tection limit of about 5 pptv within 1min integration time in the altitude range between
18 and 30 km. Lower down, measurements suffer from oxygen absorption and at low10
pressures, starting at around 30 km, wall loss of Br atoms in the flow tube noticeably
effects the measurement, explaining a possible low bias.
Within the framework of the SCIAMACHY validation campaigns, the TRIPLE
multi-instrument payload performed 3 validation flights. TRIPLE consists of the Ju¨lich
ClO/BrO in situ instrument described above, the cryogenic whole air sampler of15
the University of Frankfurt for observation of long-lived tracers and the Ju¨lich Fast
in situ Stratospheric Hygrometer (FISH). An ECC ozone sonde (electrochemical
concentration cell) was onboard for all flights, except on 9 June 2003.
2.1.2. DOAS BrO measurements20
Since 1996 stratospheric BrO has been measured by balloon-borne solar occultation
DOAS (e.g. Platt, 1994; Ferlemann et al., 2000; Harder et al., 1998). Solar occulta-
tion spectroscopy involves the measurement of the line-of-sight UV absorption (called
BrO-SCD) of atmospheric BrO (typical optical densities are 10−4−10−3 for UV vibra-
tion absorption bands). The direct solar spectra are collected onboard the azimuth-25
controlled LPMA/DOAS (Limb Profile Monitor of the Atmosphere/Differential Optical
Absorption Spectroscopy) balloon payload. The LPMA/DOAS payload carries a sun-
tracker (Hawat et al., 1995) and three optical spectrometers (2 grating and one FT-
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spectrometer; e.g. Camy-Peyret et al., 1993) which analyse direct sunlight over virtually
the entire wavelength band ranging from the UV into the mid-IR.
In addition to the spectrometers observing direct sunlight, a small, versatile
UV/visible spectrometer has been operated in limb geometry observing scattered sun-
light onboard the balloon gondola since 2002. The instrumental setup, performance5
and first results are published in Weidner et al. (2005). The inferred O3, NO2 and BrO
abundances correspond well with the data inferred from direct sun measurements.
The BrO evaluation is performed in the wavelength range from 346nm to 360 nm
as recommended by Aliwell et al. (2002). This wavelength range contains the UV vi-
bration absorption bands (4−0 at 354.7nm, and 5−0 at 348.8 nm) of the A(2pi)←X(2pi)10
electronic transition of BrO. The set of reference spectra used contains a NO2 ref-
erence spectrum for T=207K. Two O3 spectra at T=197K and T=253K are fitted to
account for temperature effects. The NO2 and O3 spectra are recorded with the balloon
spectrograph in the laboratory. The NO2 spectra are calibrated with respect to wave-
length and absolute value with the NO2 cross sections given by Voigt et al. (2002). For15
this purpose the high-resolution cross section of Voigt et al. (2002) is convolved to the
instrumental resolution of the balloon instrument. The relative wavelength alignment
and calibration of the O3 reference spectra are performed in the same manner with
convolved high-resolution cross sections of Voigt et al. (2001).
For O4 absorptions, the laboratory spectrum of Hermans (2002)
1 is used. The BrO20
reference is the absolute cross section measured by Wahner et al. (1988), with a spec-
tral resolution of 0.4 nm. The wavelength calibration is taken from own laboratory mea-
surements.
A second-degree polynomial is used to approximate the broad-band extinction such
as Mie and Rayleigh scattering. Additionally an intensity offset – a 1st-degree polyno-25
mial – is included in the fit to account for the spectrometer stray light. The spectrum
recorded at minimum observed air mass, i.e. at balloon float altitude with minimal SZA,
1Hermans: private communication, for details see: http://www.oma.be/BIRA-IASB/
Scientific/Data/CrossSections/CrossSections.html, 2002.
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is used as Fraunhofer reference spectrum. The total atmospheric SCD is given by the
sum of the SCDs retrieved by the fit (the differential SCD) and the amount of absorber
in the Fraunhofer reference spectrum, which is obtained by performing a Langley plot
(see Fig. 8 and e.g. Ferlemann et al., 1998).
The precision and accuracy of the technique is ±4% and ±12%, respectively,5
or ±5×1012 molecules/cm2 (whichever number is larger) in the inferred BrO-SCDs
(Harder et al., 1998, 2000). Two approaches are used to obtain profile information
on stratospheric BrO: (1) by direct comparison of measured with photochemically-
modelled BrO-SCDs (Harder et al., 2000) and (2) by a least-squares (with constraints)
profile inversion technique (Rodgers, 2000). A more detailed description of the DOAS10
profile inversion can be found in Butz et al. (2005). In general SCD values are not
smoothed, except for values recorded between 23.5 and 28.5 km the LPMA/DOAS bal-
loon flight at Kiruna on 24 March 2004. Strong oscillations of the sun-tracker made
it necessary to smooth SCD values with a Gaussian filter of 1.5 km width. Since the
altitude grid for profile inversion is 2 km, the results are not expected to be influenced15
much.
To better estimate the error propagation in the BrO profile, inversion is performed
twice. First the BrO SCDs are inverted with the errors as given by the fitting routine.
Since the error of the fitting routine is not purely statistical it already includes systematic
errors of the fit resulting, for example, from the misalignment of the different absorp-20
tion cross sections (Ferlemann et al., 1998). A second inversion is performed with a
systematic offset error added to the BrO SCDs. This error is estimated by Gaussian
error propagation from a 10% SCD error, which accounts for temperature effects and
uncertainties of the BrO cross section, and the error of the BrO amount in the Fraun-
hofer reference spectrum, which is typically (±0.5 to ±1.0)×1013 molecules/cm2. The25
difference between these two profiles is added directly to the error bars obtained in the
first inversion. Therefore a conservative estimate of profile errors is obtained.
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2.1.3. SAOZ BrO measurements
BrO is measured by solar occultation in the 320−400 nm UV spectral range during
the afternoon ascent of the balloon at SZA<90◦ and at the beginning of sunset from
float altitude up to 92◦−93◦ SZA, when the contribution of scattered light becomes
too large for continuing the measurements. In the following only the ascent data is5
used. The sunlight is collected by a combination of a conical mirror and diffusers within
a field of view of 360◦ azimuth and +15◦ to −5◦ elevation. The spectral resolution
of the spectrometer is 0.9 nm with an oversampling of 10. There is no temperature
stabilisation. The system is run at ambient temperature, cooling by about 15◦C during
the flight. The measurements are repeated every 30 s resulting in a vertical sampling10
of about 200m during the balloon ascent. A full description of the instrument and the
retrieval algorithm can be found in Pundt et al. (2002). The spectral retrieval of BrO
slant column densities is carried out with the WINDOAS algorithm (Van Roozendael
and Fayt, 2000) according to the settings described in Pundt et al. (2002). Because of
the small BrO SCD at relatively high sun during ascent, the data is smoothed with a15
triangular filter to increase the S/N ratio. As a result, the altitude resolution is degraded
to 3 km. Associated random errors are those provided by the spectral fit, averaged
within the 3 km layer and divided by the square root of the number of data points. The
data recorded in presence of clouds is removed using a colour index method.
Profile retrievals are carried out using the onion peeling technique. Random errors20
are propagated in the retrieval algorithm. Their amplitude increases at decreasing
SZA. The impact of photochemical changes during the balloon ascent, and the contri-
bution of scattered light, are ignored. As shown by Pundt et al. (2002) this may result
in a maximum error of 0.17 pptv and 0.3 to 0.4 pptv, respectively. The major system-
atic error comes from the uncertain estimation of the residual BrO column above float25
altitude. A constant BrO mixing ratio of 14±2 pptv is generally assumed. The uncer-
tainty arising from this decreases at decreasing altitude and is taken into account in
the error bars shown. Systematic errors due to the BrO cross-section’s uncertainty
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and its temperature dependence, estimated at +5/−10% by Pundt et al. (2002), are
not included.
2.2. SCIAMACHY BrO profile retrieval
2.2.1. The Harvard Smithsonian retrieval
The Harvard Smithsonian algorithm is described elsewhere (Sioris et al., 20052). The5
general spectral fitting and inversion equation are presented in Sioris et al. (2003).
Thus the method is only summarized here. Limb scan measurements contain two in-
dependent dimensions, namely wavelength and tangent height (TH). Therefore, the
retrieval problem is divided into two steps: the spectral fitting and the inversion to
obtain the vertical distribution. Radiances in the lower stratosphere are normalised10
with radiances from the upper atmosphere. This removes the Fraunhofer and Ring ef-
fect structure quite effectively. Absorption cross-sections and other pseudo-absorbers
(Sioris et al., 20052) are fitted as basis functions to the normalised radiances, resulting
in observed BrO-SCDs, which are then interpolated onto a standard TH grid. This data
analysis procedure is mimicked to obtain modelled BrO-SCDs. The modelling involves15
radiative transfer (RT) simulations (McLinden et al., 2002) to generate radiances that
are then spectrally fitted. The vertical profile of BrO in the RT model is updated itera-
tively until convergence between modelled and measured BrO-SCDs is reached (Sioris
et al., 20052). A further convergence criterion has been added: if the agreement be-
tween modelled and observed BrO-SCDs at the bottom of the simulated TH range is20
not within 1%, this relative difference must not increase monotonically with decreasing
TH. This protects the retrieval from finding extreme values at the lower altitude limit.
2Sioris, C., Kovalenko, L., McLinden, C., Salawitch, R., Roozendael, M. V., Goutail, F., Dorf,
M., Pfeilsticker, K., Chance, K., von Savigny, C., Liu, X., Kurosu, T., Pommereau, J.-P., Bo¨sch,
H., and Frerick, J.: Latitudinal and vertical distribution of bromine monoxide and inorganic
bromine in the lower stratosphere from SCIAMACHY limb scatter measurements, J. Geophys.
Res., in review, 2005.
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On 25 March 2004, the O3 profile measured by DOAS in ascent (Butz et al., 2005)
was used as a forward model input to the SCIAMACHY BrO retrieval since the model
(McLinden et al., 2002) O3 profile deviated from the true condition substantially due to
dynamic reasons.
2.3. Modelling5
2.3.1. Trajectory modelling
Balloon-borne measurements are inherently restricted by different constraints, limiting
their flexibility in satellite validation. First, the launch window depends not only on
the surface weather conditions, but also on stratospheric winds which determine the
balloon’s trajectory and the match location. Furthermore, the probed air masses of10
some balloon payloads are influenced directly by astronomical parameters, such as the
solar zenith angle for solar occultation measurements (e.g., LPMA/DOAS payload). In
practice, all these constraints make it difficult to match the temporal and spatial factors
of the balloon measurements directly with the individual satellite measurements. Air
mass trajectory matching can partly compensate for these restrictions (Lumpe et al.,15
2003).
Here, air mass trajectory calculations are used for matching the balloon-borne mea-
surements with SCIAMACHY observations. The trajectory model uses the operational
analysis and forecasts of the European Centre for Medium Range Weather Forecasts
(ECMWF) – or a combination of both – given every 6 h on a 2.5◦×2.5◦ latitude/longitude20
grid. The ECMWF data is interpolated to 25 user-defined isentropic levels extending
from the surface up to 1600K. The internal time step for integrating the air masses’
path is 10min and the diabatic and climatological heating rates are based on New-
tonian cooling. The results (trajectory points) are stored for each hour (Reimer and
Kaupp, 1997).25
Backward and forward trajectories are started at the balloon measurement locations
which depend on the individual measurement technique. In the case of the TRIPLE
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in situ payload, the air mass trajectory end and start points are given by the balloon
trajectory. For the LPMA/DOAS and the SAOZ remote-sensing payloads, the start
and end points are calculated from knowledge of the balloon flight trajectory and the
known observation geometry given by the line-of-sight for each measurement. For
post-flight analysis, air mass forward and backward trajectories are calculated for up5
to 10 days, but for balloon flight planning purposes the time range is limited by the
available ECMWF forecasts (analyses are available up to 12:00 UT of the day before,
forecasts for every 6 h up to 72 h).
The actual geolocations of SCIAMACHY observations are taken from the SCIA-
MACHY Operational Support Team (SOST) on its website (http://atmos.af.op.dlr.de/10
projects/scops/). Here, the overpass time, the geolocation and detailed measurement
specifications (e.g. swath, measurement duration, ground pixel size) can be down-
loaded for the SCIAMACHY limb and for the SCIAMACHY nadir mode for each Envisat
orbit. For the air mass trajectory-based matching technique only the area covered by
tangent points (light blue areas in Fig. 1) of SCIAMACHY limb observation is consid-15
ered in more detail. This information is used to find satellite measurement points along
individual air mass trajectories, for which the spatial and temporal mismatch is as small
as possible. The match criterion is chosen based on the experience of the ozone Match
experiment (von der Gathen et al., 1995): a time mismatch between the satellite obser-
vation and the air mass trajectory started at the balloon observation of <±1 h and an20
area mismatch of <±500 km. If SCIAMACHY observations do not fulfil these criteria,
the distance criterion is extended up to 1000 km. In this study only SCIAMACHY limb
measurements are considered.
2.3.2. Photochemical modelling
As outlined above, the use of a validated 3-D CTM photochemical model is necessary25
when different measurements of stratospheric radicals are compared and validated.
Figure 2 demonstrates why the model has to be used to compare SCIAMACHY BrO
limb measurements, left panel, with LPMA/DOAS balloon ascent and occultation ob-
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servations shown in the right panel. The measured line-of-sight BrO absorption is
indicated by the thin black lines in both panels. In addition, the thick black line in the
right panel represents the balloon trajectory. Here, the observations are superimposed
a photochemical simulation of stratospheric BrO from the SLIMCAT 3-D CTM (Chipper-
field, 1999) for 23 March 2003. The observation geometry for SAOZ measurements is5
basically the same as for LPMA/DOAS. For TRIPLE observations the situation is less
complicated since measurements are performed in situ, but still at varying SZA.
SLIMCAT is a 3-D off-line CTM with detailed treatment of the stratospheric photo-
chemistry. The model temperatures and horizontal winds are specified from analyses
and the vertical transport in the stratosphere is diagnosed from radiative heating rates.10
In the stratosphere the model uses an isentropic coordinate extended down to the sur-
face using hybrid sigma-theta levels (M. P. Chipperfield, private communication). The
troposphere is assumed to be well-mixed.
The CTM was integrated with a horizontal resolution of 7.5◦×7.5◦ and 24 levels ex-
tending from the surface to about 55 km. The model was forced using ECMWF anal-15
yses and the simulation started on 1 January 1977. The model halogen loading was
specified from observed tropospheric CH3Br and halon loadings (WMO, 2003). In addi-
tion, an extra 4 pptv bromine was modelled in a tracer to represent bromine-containing
very short-lived species (VSLSs) and 1 pptv was assumed to be transported to the
stratosphere as Bry (M. P. Chipperfield, private communication). Accordingly, the to-20
tal stratospheric bromine loading around 2000 is approximately 21 pptv. Output was
saved at 00:00 UT every 2 days, interpolated to the location of the balloon flights. A
1-D column model was then used to reconstruct the diurnal cycle for comparison with
the observations.
The 1-D model calculates the stratospheric photochemistry on forward and back-25
ward air mass trajectories with the aim to find best guess profiles for the satellite ob-
servations based on the different validation balloon measurements. The 1-D chemistry
model is an updated version (using JPL-2002 kinetics; Sander et al., 2003) of the
model used by Bo¨sch et al. (2003) and includes a comprehensive set of all relevant
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gas-phase and heterogeneous reactions. The stratospheric photochemistry is mod-
elled on 20 potential temperature (Θ) levels between Θ=323K ('9 km) and Θ=1520K
('42 km). Aerosol loadings are taken from Deshler et al. (2003) as recommended by
Dufour et al. (2005). Photolysis rates are interpolated with respect to pressure, tem-
perature, overhead ozone and solar zenith angle (SZA) from a SLIMCAT lookup table5
where the actinic fluxes are calculated as recommended by Lary and Pyle (1991) and
validated for JNO2 by Bo¨sch et al. (2001).
If available, the 1-D model is initialised at 00:00 UT with 3-D CTM SLIMCAT output
of the same day at the balloon launch site. If output is not available on the day of the
balloon flight, a decision is made whether to take output from the day before or the day10
after the flight by comparing measured O3, NO2 and/or tracers such as CH4 and N2O
with the model and choosing the output that best matches the measurement.
The model is run with fixed pressure and temperature for each Θ level taken from
the meteorological support data of the balloon flight; the SZA time-line is taken from
the air mass trajectory calculations. In satellite validation these measures guarantee15
that the photochemical evolution of the modelled air mass corresponds to the true
evolution between initialisation of the model, the satellite measurement and balloon-
borne observation. For simplicity a single representative SZA time-line is chosen for all
Θ levels.
Furthermore, each BrO observation conducted by the remote sensing instruments20
SCIAMACHY, SAOZ and DOAS is a composite of changing photochemical conditions
(due to changing SZA) along the line-of-sight. Arguably gradients in BrO arising from
this effect are the smallest for the SCIAMACHY observations since it takes measure-
ments during late morning (around 10:30 LT), i.e. far from sunset or sunrise. Hence a
fixed SZA for SCIAMACHY observations is assumed.25
Photochemical-weighting factors are calculated to scale balloon observations to the
photochemical conditions of the satellite measurements. In the case of DOAS mea-
surements the scaling is performed prior to profile inversion as described by Butz et al.
(2005), thus compensating photochemical changes during the ascent measurements
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of the balloon. For TRIPLE and SAOZ measurements, the ratio of the model profile at
the SZA of the satellite measurement and the model profile at the SZA of the balloon
measurement is calculated, and used to scale the profiles accordingly.
The modelling errors are estimated by sensitivity studies following a similar approach
as described in Bracher et al. (2005). Several model runs are performed along a rep-5
resentative air mass trajectory with varying model parameters that are important for
the photochemical variation of BrO. These parameters include the NO2 and O3 profile
(±30%), overhead ozone (±35%), the temperature for each Θ level (±7K), the rate
constants of reaction BrO+O3 and BrO+NO2 (±20% and ±15%), the photolysis rate
of BrO and BrONO2 (±15%) and the aerosol surface area (±100%). The root-mean-10
square deviation of the vertical profiles from the standard run gives the estimate of the
modelling error and therefore the error of the scaling. Although individual profiles can
deviate significantly from a standard run profile at the same SZA (e.g. for varied NO2
profile or JBrONO2 the difference is around 12% and 10% at the concentration maximum,
respectively), the scaling of profiles is hardly affected since the ratio of two profiles of15
the same model run is used. In the relevant altitude layer between 10 km and 30 km
a scaling error of 5% was obtained. Whenever photochemically-corrected trace gas
profiles are shown, the modelling error is added applying Gaussian error propagation.
3. Observations
An overview of balloon flights conducted within the framework of the SCIAMACHY20
validation is given in Table 1. It includes information about the date and location of
the soundings, the geophysical condition and the SZA range of the measurements
(first 4 columns). The right part of the table provides the relevant information with
respect to the “best” matching SCIAMACHY limb observations, as indicated by the
calculated forward and backward air mass trajectories. For each balloon flight one25
“best” match is identified for the backward trajectory and one for the forward trajectory
calculations. The orbit number and overpass time, the altitude range in which the
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match obeys the match criteria, the maximum time delay between SCIAMACHY and
balloon measurement and the spatial distance between trajectories and SCIAMACHY
measurement are given for each match. For future validation exercises using balloon
measurements, it is thus recommended to use these identified pixels in SCIAMACHY
profile retrieval exercises.5
Figures 3 to 7 display the key findings of the study using the examples of a TRIPLE
flight conducted on 24 September 2002 at Aire sur l’Adour, France, a SAOZ flight on 31
January 2004 at Bauru, Brazil, and three DOAS flights on 23 March 2003 and 24 March
2004 at Kiruna, Sweden, and on 9 October 2003 at Aire sur l’Adour, France. The exam-
ples are chosen in order to cover a wide range of different geophysical conditions. Each10
figure shows the original measured BrO profiles i.e., the photochemically-uncorrected
balloon measurement (solid black squares) and, if available, the BrO profile as inferred
from matching SCIAMACHY observations (red dots). Both sets of observations show
large discrepancies primarily due to (1) inherent errors of the measurements, (2) the
different daylight time of the individual observations and thus photochemistry-related15
changes in stratospheric BrO, or (3) possible spatial gradients in stratospheric bromine,
although this factor is less likely. For reasons related to (1) the reader is recommended
to refer to the relevant literature for each of the techniques used (e.g. Pundt et al.,
2002; Brune et al., 1989; Ferlemann et al., 1998; Sioris et al., 20052). Within the scope
of this study, reasons related to (2) and (3) are dealt with using the trajectory model,20
the 1-D photochemical model and the SLIMCAT 3-D CTM model. Before correcting
the measured BrO profiles for photochemistry and dynamics, further constraints are
discussed, which arise from each observation and that can be used for photochemical
modelling.
4. Photochemical modelling and its constraints25
Before addressing photochemical modelling in more detail, 3 different constraints for
the modelling are discussed. These constraints are obtained from the balloon sound-
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ings performed within the scope of this study (total stratospheric bromine, vertical trans-
port and photochemical constraints). Owing to an intensive cross validation of SLIM-
CAT with field observations – to which the authors have contributed (e.g. Harder et al.,
2000) – these constraints have already been partly implemented in SLIMCAT in recent
years.5
1. Total stratospheric bromine: For stratospheric sounding of the LPMA/DOAS
payload, total stratospheric bromine (Bry) can be inferred for altitudes above bal-
loon float altitude. Such a constraint is particularly important because it largely
constrains Bry in the lower stratosphere (taken here from the tropopause to
the balloon float altitude). Stratospheric Bry concentrations are known to have10
levelled-off in recent years and thus spatial gradients (∼1 pptv across the global
stratosphere) in Bry due to different age of air masses are expected to be small
(for details see Montzka et al., 2003). Once total stratospheric Bry is known, an
accurate constraint is available for stratospheric BrO taking [BrO]≤[Bry]. BrO can
in principle be further constrained, though less accurately, using results from a15
photochemical model (see below).
Here, observations made on 9 October 2003 at Aire sur l’Adour are presented
as an example of how total stratospheric Bry is inferred from DOAS measure-
ments. A Langley plot is performed, where the slope of measured BrO absorption
is analysed as a function of the calculated total air mass at balloon float altitude
(33 km), covering a SZA range between 84.27◦ and 87.52◦ (Fig. 8). For this obser-
vation the slope of the least-squares-fitted data results in an average BrO mixing
ratio of (14.5±1.5) pptv above 33 km. The errors of the method are due to uncer-
tainties (a) in the total air mass (±2%) checked by independent temperature and
pressure measurements aboard the LPMA/DOAS payload, by two independent
ray-tracing codes and by the LPMA CO2 measurement, (b) the spectral retrieval
of BrO (±5%), (c) the absorption cross-section of BrO (±8%), and (d) the chang-
ing [BrO]/[Bry] ratio above balloon float altitude. This ratio can be obtained by
considering the bromine chemistry above balloon float altitude at daytime. In the
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sunlit upper stratosphere, the most important bromine reactions (≥90%) are
BrO + h ν −→ Br +O (R1)
Br +O3 −→ BrO +O2 . (R2)
Inaccuracies in this simple photochemical scheme are only due to the BrO cross
section, the quantum yield for BrO photo-dissociation (R1), the rate reaction co-
efficient kR2 for Reaction (R2) and the ozone concentration. For this flight, the
SLIMCAT calculations show that the [BrO]/[Bry] ratio is around 0.76 at 33 km,
0.8 at 36 km, 0.76 at 40 km, 0.54 at 45 km, and 0.23 at 50 km. The line-of-5
sight weighted average is concluded to be 0.72 for these conditions, with the
largest uncertainty coming from the uncertainty in kR2, which is ±20% according
to Sander et al. (2003). Combining all uncertainties, our measurement indicates
[Bry]=(20.1±2.8) pptv above 33 km at northern mid-latitudes by late 2003. Similar
total mixing ratios of Bry can be obtained from other LPMA/DOAS flights. Putting10
together all these observations and considering the age of the probed air masses,
a trend in stratospheric bromine can be inferred (see Figs. 1–8, WMO, 2003).
2. Vertical transport: The diabatic vertical transport in the stratosphere is also
known to be of particular concern in 3-D CTM modelling i.e., for high (Arctic) and
low (tropical) latitudes (Chipperfield, 1999). In order to compensate for potential15
deficits in the vertical transport, the tracers N2O and CH4, which are available for
TRIPLE and LPMA/DOAS flights, are also compared with the 3-D CTM output.
Since dynamic tracers are not measured simultaneously for the SAOZ flights, O3
is used as an indicator for the vertical transport. In particular, the vertical transport
is tested for the balloon flights presented in this study, as follows: For the TRIPLE20
flight on 24 September 2002 it is found that the measured dynamic tracers N2O
and CH4 agree excellently with the CTM SLIMCAT simulations. A similar good
agreement with SLIMCAT is found for the LPMA/DOAS flight on 23 March 2003.
Unfortunately for the 9 October 2003 and the 24 March 2004 LPMA/DOAS flight
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no LPMA data is available to date, thus measured and modelled tracer profiles
cannot be compared. Therefore, the dynamics are verified by the O3 profile si-
multaneously recorded with the DOAS instrument. The same procedure was per-
formed for the SAOZ flight on 31 January 2004 since no other transport tracers
were available. In all three cases the measured O3 profile is found to correspond5
well with the model.
The overall good agreement of the model with the tracer data supports the find-
ings of Feng et al. (2005) who found that the version of SLIMCAT used here, with
the CCM radiation scheme, performed well in this respect. Therefore, large un-
certainties in the vertical transport are considered unlikely for the balloon flights10
discussed here.
3. Photochemistry and its constraints: Potential disagreement between observa-
tions and the model also arises from photochemistry-related uncertainties (e.g.
Canty et al., 2005). It is found useful to constrain the 1-D photochemical cal-
culations with the measured abundances of NO2 and O3 (Bracher et al., 2005).15
BrO reacts efficiently with NO2 to BrONO2, with the photolysis of BrONO2 being
the most important back reaction during daytime. Therefore, stratospheric BrO is
strongly dependent on NO2 and an appropriate scaling of the 1-D photochemical
modelling may reduce potential errors in BrO comparison studies to a great ex-
tent. Fortunately for the SAOZ and DOAS BrO observations such a scaling can20
easily be performed since NO2 and BrO profiles are measured simultaneously.
For the TRIPLE BrO observation such a scaling of modelled/measured NO2 is
more difficult since the NO2 is not measured on that payload. Therefore, SCIA-
MACHY NO2 observations (Sioris et al., 2004) are used, which were validated by
balloon measurements by Butz et al. (2005).25
The SCIAMACHY NO2 profile for the TRIPLE flight on 24 September 2002
matches the model values between 22 and 33 km but shows up to 50% smaller
concentrations below 22 km. The accuracy of the SCIAMACHY measurements
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is discussed in Butz et al. (2005). Model values of NO2 for the SAOZ flight on
31 January 2004 basically agree with the measured profile within the given error
bars below 25 km but are systematically lower (∼30% at 20 km). Above 25 km,
up to balloon float altitude at around 30 km, the agreement is very good. For the
DOAS flight on 23 March 2003 the model NO2 shows systematically higher val-5
ues (10%−40%) above 15 km than indicated by observations. The DOAS NO2
observations on 9 October 2003 coincide with the model above 27 km and be-
low 20 km within the given errors, but the model profile is up to 40% higher in-
between. Model results for 24 March 2004 underestimate DOAS measurements
below 20 km by 10%−20% and overestimate them above 22 km up to balloon float10
altitude by up to 20%.
Further photochemistry-related uncertainties in the SAOZ and DOAS observa-
tions are kept small when only using measurements for SZA≤88◦, i.e. discarding
solar occultation profiles from SAOZ and DOAS.
5. Results and Discussion15
Panels (a) and (b) in Figs. 3 to 7 show concentration and volume mixing ratio (VMR)
profiles for the “best” backward match and panels (c) and (d) show correspond-
ing profiles of the “best” forward match. Each panel shows the original measured,
photochemically-uncorrected BrO balloon measurement (solid black squares) and the
photochemically-corrected BrO profile (open blue squares), which is to be compared20
with the SCIAMACHY measurement of the corresponding “best” backward or forward
match. The orbit number and time of each SCIAMACHY match are given in the label of
each figure and in Table 1. Error bars of the photochemically-corrected profiles include
the estimated error for the photochemical scaling as described in Sect. 2.3. Model
profiles at the SZA of the balloon and the satellite observation are shown as solid and25
dashed green lines, respectively. Total inorganic Bry volume mixing ratios as used in
the model are also indicated as dash-dotted green line. SCIAMACHY measurements
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are shown as red circles and the altitude range which fulfils the match criteria (as sum-
marized in Table 1), is indicated by the thin dotted horizontal lines. In cases where
only one horizontal line is plotted (e.g. backward match in Fig. 7), the match criteria
are fulfilled above the indicated altitude, over the entire plotted range. Certain orbits of
Level 1 SCIAMACHY data remain unavailable and cannot be presented in this study.5
Total inorganic Bry and its uncertainty, inferred from DOAS BrO as described above, is
marked by dark blue vertical lines.
TRIPLE mid-latitude measurements on 24 September 2002 were performed be-
tween 55.6◦ and 67.9◦ SZA. The value SZA=60.1◦ was chosen as a scaling reference
for the balloon observation. The SZA of the SCIAMACHY measurement is 45.1◦ fo10
the backward match and 50.7◦ for the forward match. Since satellite and balloon mea-
surements were taken in the morning well after sunrise, and the diurnal variation of
BrO during the morning is rather small (see Fig. 2), the scaling over the entire alti-
tude range is <5%, for both the backward and forward match. Model results over the
entire altitude range are much larger than TRIPLE measurements. Comparing the dy-15
namic tracers N2O and CH4 between model predictions and TRIPLE measurements,
shows good agreement. NO2 was scaled to match SCIAMACHY observations of the
10:32 UT limb scan of orbit 2968, the same forward match used for BrO comparison.
SCIAMACHY NO2 profiles tend to show lower values below 20 km than balloon val-
idation measurements (Butz et al., 2005), possibly causing an overprediction of BrO20
in the model. However, even if no NO2 scaling is performed in the model, modelled
BrO is much higher than TRIPLE measurements. Thus, apart from unknown instru-
mental problems, the discrepancy between modelled and measured BrO cannot be
explained. Although the time lag for the backward match between the satellite and the
balloon measurement is quite short (−2.5 h) and match criteria are fulfilled between25
16 and 33 km (see Table 1), the corresponding SCIAMACHY profile is too large for
observations below 27 km.
DOAS high-latitude ascent measurements taken on 23 March 2003 were performed
between 77.9◦ and 88.8◦ SZA. For comparison the model output is plotted at 80.0◦ SZA.
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The photochemically corrected DOAS profile is obtained as described in Sect. 2.3 and
by Butz et al. (2005). The SZAs of the SCIAMACHY backward and forward match
are 81.2◦ and 57.7◦, respectively. Compared to the TRIPLE flight, the scaling for
the backward and forward match is much higher (up to 15%) since DOAS measure-
ments took place during late afternoon, before sunset. The agreement of the dy-5
namic tracers N2O and CH4 between model predictions and LPMA measurements
is warranted and NO2 was scaled to DOAS measurements in the 1-D model, as de-
scribed in Sect. 4. The overall agreement with the model is very convincing for the
photochemically-uncorrected and corrected profiles. The SCIAMACHY profile for the
backward (forward) match has a time delay of −5.2 (+17.4) h and match criteria are10
obeyed from 18 to 28 km (19 to 29 km). Below 25 km SCIAMACHY values for these
profiles are in general higher than predicted.
DOAS mid-latitude ascent measurements taken on 9 October 2003 were performed
between 71.0◦ and 81.5◦ SZA. For comparison purposes, the model output is plotted
at 72.9◦ SZA. Since the SZAs of the SCIAMACHY backward and forward matches are15
51.8◦ and 51.7◦, respectively, both scalings are similar. Due to strong oscillations of the
gondola, measurements could only begin at ∼16 km, causing higher uncertainty of the
lowest profile point at 18 km. Agreement of the dynamic tracers between model predic-
tions and LPMA measurements could not be assessed, since no LPMA data is avail-
able to date. Therefore, dynamics were verified by O3 measurements, which showed20
good agreement over the altitude range covered. NO2 was scaled in the 1-D model
as before. DOAS measurements coincide well with the model over the entire range.
The SCIAMACHY profile for the backward match, which has a time delay of −6.5 h and
match criteria obeyed above 17 km, is generally in good agreement, although most
values tend to be too high. The forward match with a time delay of +17.2 h lies within25
the given errors above 25 km, but shows again high values in the lower stratosphere,
where match criteria are not fulfilled.
SAOZ subtropical ascent measurements taken on 31 January 2004 before sunset
were performed between 76◦ and 86◦ SZA and thus a scaling reference for the bal-
13034
ACPD
5, 13011–13052, 2005
Stratospheric BrO
profiles
M. Dorf et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Print Version
Interactive Discussion
EGU
loon observation of 80.2◦ SZA was used. The SZAs of the SCIAMACHY backward
and forward match are both 36◦. As for the DOAS flight, the scaling for the backward
and forward match is significant. The agreement of the dynamics adopted in the model
with observations could only be verified by comparing O3 profiles also measured by the
SAOZ instrument indicating that large dynamic uncertainties can be ruled out. Simulta-5
neous measurements of NO2 allowed it to be scaled in the 1-D model. Agreement with
the model for BrO between 17 km and 25 km is convincing, but measurements below
and above, are larger and even close to total Bry. The comparison with a SCIAMACHY
backward match shows agreement with the balloon measurements, although it is out-
side the matching altitude range. For the forward match a similar good agreement is10
found.
DOAS high-latitude ascent measurements taken on 24 March 2004 were performed
between 74.6◦ and 85.4◦ SZA. For comparison the model output is plotted at 77.1◦ SZA.
Since the SZAs of the SCIAMACHY backward and forward match are 68.3◦ and 61.8◦,
respectively, the scaling is very similar. Agreement of the dynamic tracers N2O and15
CH4 between model predictions and LPMA measurements could not be assessed,
since no LPMA data is available to date. Therefore, dynamics could only be verified by
O3 measurements, which showed an overall good agreement over the entire altitude
range. NO2 was scaled in the 1-D model as before. The correspondence with the
model is very convincing. The backward match has a time delay of −5.4 h and match20
criteria are obeyed between 12 and 33 km. Here agreement with the SCIAMACHY
profile is best in the lowermost stratosphere with higher SCIAMACHY values above
17 km. The available SCIAMACHY profile for the forward match has a time delay of
+17.1 h and match criteria are obeyed only between 20 and 26 km, where the satellite
profile shows 25 to 55% higher values.25
Overall, the agreement of the balloon BrO observations from the 3 instruments with
the model is encouraging. The tracer data measured by balloon instruments is found to
correspond with the SLIMCAT CTM and therefore large uncertainties in vertical trans-
port can be ruled out. All profiles fall within the constrained total Bry and mostly agree
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with the model within the error range. An exception is the TRIPLE flight, where the
source of discrepancy is unclear, since dynamic and photochemical causes could be
eliminated. After the scaling of NO2 in the model, DOAS and SAOZ BrO profiles coin-
cide with the model at almost every altitude within the errors (15 to 30% for DOAS and
25 to 50% for SAOZ, depending on altitude and measurement conditions).5
For the SCIAMACHY retrievals presented here, no clear trend can be observed, ex-
cept that the Harvard retrieval mostly shows higher values than expected from the
photochemically-corrected balloon validation profiles, especially for lower altitudes,
where sensitivity of the satellite instrument decreases. Sources of error might be spatial
variations of BrO within the match criteria of 1 h and 500 km, although this is very un-10
likely. Smaller discrepancies could be explained outside the matching altitude ranges,
where air masses travelled along different trajectories that do not obey the match cri-
teria. But overall the diurnal variation of BrO (without large spatial gradients) should
be able to explain most of the scaling factor used to correct the profiles. The larger
time delay for forward matches (see Table 1), and therefore the increasing uncertainty15
in the air mass trajectory calculation, could theoretically explain higher discrepancies
compared to backward matches, but this is not the case for the present observations.
All balloon BrO validation flights, which are also listed in Table 1 but not presented in
this study, were also photochemically-corrected to SCIAMACHY observations in order
to obtain a set of corrected BrO profiles, which can be used for SCIAMACHY validation.20
6. Conclusions
Stratospheric BrO abundances measured from 3 different balloon sensors were com-
pared with reference to the 3-D CTM SLIMCAT model output. Model calculations were
used to generate a BrO profile validation set for the new Envisat/SCIAMACHY satel-
lite instrument and were compared with first retrieval exercises of SCIAMACHY BrO25
limb profiling. Since the diurnal variation of BrO and the spatial and temporal differ-
ence between the different observations prevent a direct comparison, the observa-
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tions were considered with reference to outputs from the 3-D CTM. Air mass trajectory
calculations were used to identify coincident SCIAMACHY limb measurements. The
balloon-borne BrO profiles were photochemically scaled along the trajectories with a
1-D stratospheric chemistry model to match the photochemical conditions of the satel-
lite observations. Model predictions were constrained by simultaneous observations5
with the balloon instruments, of dynamic and photochemical relevant parameters.
Total [Bry]=(20.1±2.8) pptv obtained from DOAS BrO observations at mid-latitudes
in 2003, served as an upper limit of the comparison. The good agreement of balloon
trace gas measurements with the SLIMCAT model indicates that vertical transport is
considered correctly and is not a major source of error. Within the given range of10
errors of the different measurement techniques, most of the balloon observations agree
with model BrO. Initial BrO profiles available from SCIAMACHY agree to <±50% with
the photochemically-corrected balloon observations, with less agreement below 20 km.
This should encourage a further improvement of the satellite retrieval.
The presented set of BrO balloon profiles is meant to be representative and, accord-15
ing to the trajectory calculations, the most suitable set of SCIAMACHY BrO validation
profiles and is thus recommended for future SCIAMACHY limb BrO retrieval exercises.
Digital copies of the BrO profiles for all validation flights can be obtained from the
NILU data server (http://www.nilu.no), upon signing the data protocol of the ESA spon-
sored Envisat validation activities. DOAS data is also available on http://www.iup.20
uni-heidelberg.de/institut/forschung/groups/atmosphere/stratosphere/.
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Table 1. Compendium of balloon-borne BrO measurements and Envisat/SCIAMACHY over-
passes. BA, BD and SO denote balloon ascent, balloon descent and solar occultation, respec-
tively.
Date Location Geophys. Cond. Instrument Satellite coincidence Altitude – Time – Spatial –
Time / UT SZA range Observ. Geom. Orbit, Date, Time/UT range/km delay/h distance/km
12 Aug. 2002 Kiruna high lat. summer SAOZ 2342, 11 Aug. 2002, 18:21 18–30 −24.8 179–494
18:15–19:10 67.9◦N, 21.1◦ E SZA: 85◦−89◦ BA 2352, 12 Aug. 2002, 09:37 5–30 −9.6 182–495
24 Sep. 2002 Aire sur l’Adour mid-lat fall TRIPLE 2954, 23 Sep. 2002, 11:06 21–29 −21.6 379–491
07:08–11:39 43.7◦N, 0.3◦W SZA: 44◦−88◦ BA/BD 2968, 24 Sep. 2002, 10:32 16–33 −2.5 449–499
1 Oct. 2002 Aire sur l’Adour mid lat. fall SAOZ 3068, 1 Oct. 2002, 10:13 13–29 −7.1 278–487
16:35–17:25 43.7◦N, 0.3◦W SZA: 79◦−88◦ BA 3082, 2 Oct. 2002, 09:42 13–29 +17.0 265–493
23 Feb. 2003 Bauru subtropics summer SAOZ 5145, 23 Feb. 2003, 12:56 16–21 −8.2 403–486
20:42–21:30 22.4◦ S, 49.0◦W SZA: 76◦−85◦ BA 5160, 24 Feb. 03, 14:04 24–28 +16.7 125–462
6 March 2003 Kiruna high lat. winter TRIPLE 5288, 5 March 2003, 12:13 16–28 −19.6 4–481
06:25–10:49 67.9◦N, 21.1◦ E SZA: 72◦−86◦ BA/BD 5301, 6 March 2003, 10:04 5–31 +3.7 403–499
16 March 2003 Kiruna high lat. spring SAOZ 5418, 14 March 2003, 14:08 23–29 −50.0 46–473
15:19–16:09 67.9◦N, 21.1◦ E SZA: 84◦−89◦ BA 5484, 19 March 2003, 04:52 16–23 +61.2 9–452
23 March 2003 Kiruna high lat. spring LPMA/DOAS 5545, 23 March 2003, 11:07 18–28 −5.2 268–496
14:47–17:35 67.9◦N, 21.1◦ E SZA: 79◦−95◦ BA/SO 5558, 24 March 2003, 09:01 19–29 +17.4 10–495
30 March 2003 Kiruna high lat. spring SAOZ 5645, 30 March 2003, 10:49 5–29 −6.0 88–307
16:01–16:53 67.9◦N, 21.1◦ E SZA: 83◦−88◦ BA 5658, 31 March 2003, 08:37 5–23 +16.8 47–494
9 June 2003 Kiruna high lat. summer TRIPLE 6652, 8 June 2003, 19:01 5–31 −11.6 19–499
04:57–9:52 67.9◦N, 21.1◦ E SZA: 45◦−70◦ BA / BD 6661, 9 June 2003, 10:18 5–34 +5.1 60–494
9 Oct. 2003 Aire sur l’Adour mid-lat fall LPMA/DOAS 8407, 9 Oct. 2003, 09:51 17–31 −6.5 738–988
15:39–17:09 43.7◦N, 0.3◦W SZA: 66◦−88◦ BA 8421, 10 Oct. 2003, 09:20 25–33 +17.2 547–977
31 Jan. 2004 Bauru subtropics summer SAOZ 10040, 31 Jan. 2004, 12:06 25–30 −9.7 287–492
20:54–21:46 22.4◦ S, 49.0◦W SZA: 76◦−86◦ BA 10055, 1 Feb. 2004, 13:15 15–21 +16.1 33–488
5 Feb. 2004 Bauru subtropics summer SAOZ 10112, 5 Feb. 2004, 12:51 5–21 −8.0 229–495
20:25–21:12 22.4◦ S, 49.0◦W SZA: 70◦−80◦ BA 10127, 6 Feb. 2004, 13:59 25–29 +17.0 179–479
24 March 2004 Kiruna high lat. spring LPMA/DOAS 10798, 24 March 2004, 10:35 12–33 −5.4 371–499
13:55–17:35 67.9◦N, 21.1◦ E SZA: 72◦−95◦ BA/SO 10811, 25 March 2004, 08:24 20–26 +17.1 383–494
17 June 2005 Teresina tropics winter LPMA/DOAS 17240, 17 June 2005, 11:53 25–30 −8.1 382–491
18:32–21:07 5.1◦ S, 42.9◦W SZA: 61◦−94◦ BA/SO 17255, 18 June 2005, 13:02 5–33 +18.4 6–490
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Fig. 1. Two days backward (upper panel) and forward (lower panel) air mass trajectories
for TRIPLE ascent observations at Aire sur l’Adour, France, on 24 September 2002. En-
visat/SCIAMACHY orbit numbers matching with the TRIPLE trajectory are 2940, 2954, 2968,
2982, 2995, and 2996. The light blue rectangles represent the area probed by SCIAMACHY
limb observations.
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Time Time
Morning Evolution Evening Evolution
Fig. 2. Colour-coded model concentration field of BrO as a function of height and SZA, for
the DOAS balloon flight on 23 March 2003 at Kiruna (67.9◦ N, 22.1◦ E). Left and right panels
show the morning and evening evolution of BrO, respectively. The black lines in the left panel
represent the line-of-sight of a SCIAMACHY limb scan. In the right panel the observation
geometry of the DOAS measurements is shown for every twentieth spectrum measured during
ascent and every tenth spectrum during solar occultation. The thick black line represents the
trajectory of the balloon and the thin black lines indicate the optical path from the Sun to the
balloon instrument for measurements during ascent and solar occultation. Note that in the real
atmosphere the lines-of-sight are close to being straight lines, but the projection of the Earth’s
curvature on a straight x-axis causes the lines-of-sight to appear curved in the presentation.
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Fig. 3. Comparison of a BrO profile measured by TRIPLE during balloon ascent on 24 Septem-
ber 2002 at Aire sur l’Adour with model calculations and SCIAMACHY limb retrievals. Black
squares represent the photochemically-uncorrected balloon measurement and blue squares
the balloon profile photochemically corrected to the SZA of the SCIAMACHY measurement.
Corresponding model profiles at the SZA of the balloon and satellite observations are shown
as solid and dashed green lines respectively. Total inorganic Bry volume mixing ratios as used
in the model (green dash-dotted line) and as retrieved by DOAS measurements (vertical dark
blue lines – see text for details) are also indicated. SCIAMACHY measurements are shown
as red circles and the altitude range for the match (as given in Table 1) is indicated as thin
dotted horizontal lines. Panels (a) and (b) show calculations for the “best” backward match and
panels (c) and (d) for the “best” forward match. Concentrations and volume mixing ratios are
given for each case.
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Fig. 4. Same as Fig. 3, but for a BrO profile measured by DOAS during balloon ascent on 23
March 2003 at Kiruna.
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Fig. 5. Same as Fig. 3, but for a BrO profile measured by DOAS during balloon ascent on 9
October 2003 at Aire sur l’Adour.
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Fig. 6. Same as Fig. 3, but for a BrO profile measured by SAOZ during balloon ascent on 31
January 2004 at Bauru.
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Fig. 7. Same as Fig. 3, but for a BrO profile measured by DOAS during balloon ascent on 24
March 2004 at Kiruna.
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Fig. 8. Measured BrO absorption as a function of the calculated total air mass observed for a
SZA range between 84.27◦ and 87.52◦ at balloon float altitude (32.5 km) over Aire sur l’Adour
on 9 October 2003. The slope of the least-square-fitted data results in the average BrO mixing
ratio of (14.5±1.5) pptv above float altitude.
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